Laser cutting is one of methods for breaking a brittle material by using local thermal stress due to laser irradiation without melting and vaporization of the material. In this study, a method for controlling crack nucleation and propagation behavior was studied experimentally as well as numerically. In case of a specimen with a starter notch, crack propagated by following a laser spot. However, crack did not follow the laser spot trace when the laser scanning direction changed. It was found from the result of FEM analysis that crack propagation behavior was controlled by a stress intensity factor for the maximum tangential stress, K θmax ahead of crack tip. Twin beam is considered as an effective method to control crack propagation direction for the laser cutting. Crack nucleation behavior was studied with a glass specimen without a starter notch. A crack could nucleate from an edge for staring of laser irradiation in case of the specimen with defects induced by polishing with abrasive papers. However, crack nucleation and propagation behavior was unstable in case of the specimen with mirror-like smooth surface. Effect of laser spot radius on crack nucleation behavior was also studied by FEM analysis.
Introduction
Functional material has an important role to develop new technologies in various industries. However, some materials are brittle and poor in machinability. Diamond tool is conventionally used to cut such materials, which provides high cutting quality and high productivity. On the other hand, occurrence of pollution for the material and working environment, micro-cracking and loss of the material due to finite thickness of the tool are known as unavoidable problems. A conventional laser cutting of metals usually involves melting and vaporization of the material. In this case, problems induced in the conventional mechanical cutting process are not solved and thermal distortion and residual stress could be additionally induced as a serious problem. A laser cutting method studied in this paper avoids the melting process. Basic idea for the method is shown in Fig.1 . The local thermal stress is generated ahead of crack tip by laser irradiation without melting of the material, which is a driving force for crack propagation. The method is possible to solve the problems mentioned above, which have been studied analytically as well as experimentally in the previous works (1) - (15) . However, practical application of the method is still limited due to Vol. 2, No. 12, 2008 difficulty of control of crack propagation behavior: crack propagation speed and direction. In the present study, laser cutting experiments and FEM thermal stress analysis to investigate crack propagation behavior based on fracture mechanics have been carried out. Even if a suitable condition for laser cutting is found with a particular equipment and material, the condition cannot apply to other cases, because laser absorbability depends on material and laser machine used. Furthermore, property of laser beam used strongly affects laser cutting process. However, if the cutting method is studied not only experimentally but also analytically, the knowledge obtained is possible to apply to many cases regardless of laser equipment and material. Applicability of twin beam as a method to control crack propagation behavior was examined by FEM analysis. If the crack propagation direction can be controlled by a twin beam method, it will be possible to cut a material in any shapes. Crack nucleation behavior due to laser irradiation was also studied by using a specimen without a starter notch to investigate effect of surface roughness at the specimen edge on crack nucleation behavior. Crack nucleation mechanism was also discussed.
Crack propagation behavior
Laser cutting process can be divided into two parts; crack nucleation and propagation. Crack propagation behavior studied in the previous work by the authors (16) is briefly shown in this section. Soda-lime glass was used as an example of a brittle material. Size of the specimen is 40 × 20 mm with thickness of 1.77 mm. A starter notch was introduced by using a diamond cutter at the starting point of laser irradiation. Laser equipment used was Nd:YAG laser (iLS-YC-40A, IHI). Laser power was fixed at 500 W with CW (Continuous Wave). Laser scanning speed used was 20mm/s. The laser irradiation condition used here is an example, which is variable depending on a purpose of cutting. For example, if high speed cutting is required, laser irradiation conditions, such as laser power, spot diameter and scanning speed, must be optimized. Focusing point was adjusted to 3mm upper from the specimen surface to avoid the melting of the material. Laser spot radius was 1.05 mm with the defocusing distance of 3mm. Laser beam was started to irradiate from the edge of specimen, continued to scan straightly up to 10mm and then changed scanning direction of laser beam to angles, ψ =30, 60 and 90 degree. Figure 2 shows an example of laser cutting line for ψ =90 degree. According to the figure, laser cutting line was swerved from an original laser scanning line. Crack propagation direction did not follow the laser scanning direction from 1.4 mm before the turning point of laser scanning direction. The similar results were obtained in other angles, ψ, too. It is considered that the crack follows 1.4 mm behind the laser spot and the crack propagation direction is changed immediately when laser scanning direction is changed. Crack propagation behavior was estimated by FEM analysis under the same condition of laser irradiation as the experiment. In crack path estimation, a criterion for crack propagation was assumed as K θmax > K c , where K θmax is a stress intensity factor for the maximum tangential stress generated by the laser irradiation and K c is fracture toughness of the material. Crack propagation direction was also assumed to be the direction of K θmax . Crack propagation path obtained by FEM analysis is also shown in Fig. 2 . Crack propagation behavior estimated by the FEM analysis is in good agreement with the experimental result. Therefore, a stress intensity factor for the maximum tangential stress, K θmax , is considered as a dominant parameter of crack propagation. Crack growth direction can be controlled by controlling the thermal stress distribution induced by laser irradiation and then the maximum tangential stress. In order to control the crack growth direction during the laser cutting, a twin laser beam technique was studied by FEM analysis. Laser cutting by twin beam is schematically shown in Fig.3 . Two beams are placed parallel to laser scanning direction as shown in the figure, when the position of crack tip is in between the front and the back beams. The back beam moves toward φ , which is equal to an expecting angle for change of crack path, when the crack tip reaches an expecting position to change crack propagation direction. The expecting angle for change of crack path was 30 degree in this analysis. Laser power and scanning speed were the same as above. Distance between the front and the back beams was 1mm with laser spot radius of 0.35 mm, which can be obtained at the just focusing position . for the laser equipment used in the experiment, to avoid the overlapping of two beams. Figure 4 shows change in stress intensity factors K I and K II due to change in the intensity ratio between the front and the back beams. Mode ratio K I / K II is changed depending on the beam intensity ratio. This means that the direction of the maximum tangential stress can be controlled by the twin beam technique. Figure 5 shows an example of crack growth behavior estimated by FEM analysis for the twin beam with intensity ratio of 1:2 (front : back) at an expecting angle for crack growth of 30 degree. As can be seen from the figure, crack propagation direction was following the laser scanning direction. Namely, the twin beam method can control crack propagation direction by changing in beam intensity ratio. Additionally, twin laser beam cutting, where two beams lined perpendicular to the laser scanning direction, was also studied (17) . However, the result indicated that it was not effective to control crack path.
Crack nucleation behavior

Laser cutting experiment
According to the results shown above, K θmax is the driving force for crack propagation behavior. Therefore, if the material has a pre-existing crack, crack propagation behavior can be controlled by controlling of K θmax which can be controlled by the twin beam technique. However, introduction of a starter notch (i.e. initial crack) is not desirable in practical production process. In this section, crack nucleation behavior for the specimen without a starter notch was studied. Specimen surface at the starting edge of laser cutting were Intensity ratio of two beams (Back/Front) Stress intensity factor,
Vol. 2, No. 12, 2008 polished with different conditions to introduce different sizes of defects. In case of large defect, crack nucleation behavior will be similar to that of a specimen with a starter notch. However, in case of small defect, crack nucleation behavior will be changed and close to no defect condition.
The material used was a soda lime glass. Mechanical and physical properties of a soda lime glass are shown in Table 1 ( 77 mm. An edge surface of the specimen from which laser irradiation would be started was polished in the thickness direction of the specimen by emery papers with various grit numbers of #240, #400, #600, #800, #1000 and #1500. A specimen polished by 0.3 µm alumina powders was also prepared as a specimen with smooth surface. Surface roughnesses, R a and R y , of the specimens prepared are shown in Table 2 . According to the observations of polished surface, flaking defects by polishing were found for the specimens polished by emery papers. Sizes of defects were measured and are shown in Table 2 . The defect was not observed for the specimen polished with 0.3 µm alumina powders. Therefore, the defect size for the specimen polished by alumina powders shown in Table 2 was estimated by a relationship between R y and defect size for the specimens polished by emery papers. Laser equipment used was LD pumped Nd:YAG laser (LAL-220BA, Shibaura Mechatronics). Laser absorbability of 8.0 % for the material used was evaluated by an experiment. Specimen was fixed as shown in Fig.6 . Laser beam was irradiated from an edge of a specimen and straightly scanned up to the opposite end of specimen. Laser power was fixed at 500 W with CW (Continuous Wave). A single laser beam with spot radius of 0.77mm was used. Laser scanning speed used was 20mm/s. Before the laser cutting experiment effect of surface roughness on bending strength was investigated. A surface for tensile side of the bending specimen was polished by emery papers with grit numbers of #240, #800, #1500 and by 0.3µm alumina powder. Dimensions Reflectivity , % 4
Young's modulus, MPa 7160
Poisson ratio 0.23 Table 1 Physical and mechanical properties for a soda lime glass.
Vol. 2, No. 12, 2008 of the specimen were 40×1.77 ×3mm and the span length of three-point bending was 30mm. Effect of surface polishing on bending strength is shown in Fig.7 . Bending strength increased with an increase in grit number of an emery paper used for polishing. The maximum strength was obtained with the specimen polished with alumina powders. Large scatter of the strength was also observed for the specimen polished with alumina powders compared to those polished with emery papers. Relationship between defect size and bending strength is shown in Fig.8 . Bending strength increased with decreasing defect size. If the defect introduced by polishing is assumed as a crack, the critical stress for fracture can be predicted easily based on fracture mechanics approach with fracture toughness, K C , of the material. Relationship between predicted bending strength and defect size is also shown as a dotted line in Fig.8 . The bending strength predicted based on fracture mechanics agreed with the experiment results for the specimens polished with emery papers. Therefore, the defect introduced by polishing with emery papers can be considered as a crack with the depth of maximum roughness.
grade of emery paper #240 #400 #600 #800 #1000 #1500 Overview of the laser cutting paths for the specimens is shown in Fig.9 . Laser cutting paths were almost straight except the end region of the cutting for the specimens polished by emery papers. It was also observed by using a high speed camera that a crack nucleated from the starting point of laser scanning for those specimens. However, in case of the specimen polished with 0.3 µm alumina powders, cutting path were not straight and did not nuleated form the starting point but from the end point of the cutting. Figures 10 and 11 show the observations of laser cutting surface for the specimens without a starter notch and with a starter notch, respectively. The surfaces morphologies looked similar for all the specimens except the specimen polished by alumina powders. Patterns like Hackle mark were observed in the center region in thickness direction. According to the fracture marks, it was considered that cracks propagated from top and bottom surfaces to center of thickness. It was also observed that crack propagation occurred intermittently with laser scanning. Therefore, crack growth behavior would be the same for all the specimens except the specimen polished by alumina powders: crack follows behind a laser spot. However, in case of the specimen polished with 0.3 µm alumina powders, cracks nucleated and propagated rapidly and unstably, and did not follow behind a laser spot.
FEM analysis
From the forgoing results, it was found that crack could nucleate from the starting point of laser scanning when a specimen has defects at the starting edge. However, it could be difficult to nucleate a crack from the starting point when the edge surface of specimen was smoothly polished. In order to study more about mechanism and controlling method of 1mm Laser scanning direction Fig.11 Observation of the cutting surface for the specimen with a starter notch.
Conditions for laser cutting are shown in section 2. crack nucleation, FEM analysis was carried out using the FEM program, Marc. The FEM model used was a half size of the specimen due to line symmetry. An example of 3D model used for the analysis is shown in Fig.12 . Models with or without a crack were made. In case of the model without a crack, total number of element and node were 3560 and 4356, respectively with the minimum element size of 9.7 µm. For the model with a crack, total numbers of element and node were approximately 6200 and 7601, respectively, depending on crack size, with the minimum element size of 0.04 µm. Distribution of intensity of the laser beam was assumed as Gaussian distribution and heat flow as a laser spot was applied to the analysis. The position of heat flow was moved step-wisely with an interval time to express the continuously laser scanning. The laser beam was assumed to be absorbed uniformly to the material in thickness direction. Change in laser spot diameter in the thickness direction due to transparency of the glass was taken into account in the analysis. Laser power of 500 W and laser scanning rate of 20 mm/s were applied in the analysis. A single laser beam with spot radius larger than 0.4 mm was considered to avoid melting of the material according to the experiment. From the results of FEM analysis, the maximum stresses at the starting and the ending edge during laser irradiation are shown in Table 3 , where "the starring edge" and "the ending edge" means the edges for the starting point of laser scanning and the opposite end, respectively. In this calculation, a pre-crack at the starting edge was not introduced in the FEM model used. Relationships between position of laser beam spot and maximum tensile stress at (a) the starting edge and (b) the ending edge are shown in Fig.13 . The maximum tensile stress at the starting edge is smaller than that at the ending edge for the same laser spot radius. The maximum stress at the starting edge was obtained at the laser spot radius of 0.4 mm and the stress decreased with an increase in spot radius. The laser beam position from the starting edge for reaching the maximum stress at the starting edge shifted to inside of the specimen with increasing laser spot radius. Relationships between crack length and stress intensity factor, K I during laser cutting in cases for laser beam spot radius of 0. 4 Fig.12 An example of FEM model. Table 3 The maximum tensile stress induced during laser cutting.
Laser scanning direction The starting edge
The ending edge Vol. 2, No. 12, 2008 0.8 mm are shown in Fig.14 . In this calculation, the laser spot position was fixed at 0.7 and 1.7mm from the starting edge for the case of spot radius of 0.4 and 0.8 mm, respectively. The maximum tensile stress occurred at the starting edge for these the laser spot positions according to Table 3 . A crack was introduced at the starting edge in the FEM model used and its length varied in the calculation. In the discussion below, Mode I stress intensity factor, K I was considered as a dominant parameter for crack propagation because only the straight cutting (ψ =0 degree) was conducted. In case of laser beam spot radius of 0.8 mm, the stress intensity factor became lager than the fracture toughness when a crack length at the starting edge was larger than 5 µm. The stress intensity factor increased up to a crack length at the starting edge of 0.2 mm, and then decreased for longer cracks. The stress intensity factor became smaller than the fracture toughness at crack lengths longer than 1.3 mm. Assuming that a crack can propagate only when the stress intensity factor is larger than the fracture toughness, the crack tip position of a crack nucleated from the starting edge could not exceed the position of laser beam spot in case of laser spot radius of 0.8mm. Based on the result of bending test, a defect size for the specimen polished with alumina powders was estimated to be about 5.0µm. According to the assumption that a crack can propagate at stress intensity factors larger than the fracture toughness and Fig.14 , a crack can nucleate from the starting edge for the specimen polished by alumina powders. However, a crack did not nucleate from the starting edge in the experiment. The critical defect size for crack nucleation at the laser spot radius of 0.8 mm may need to be larger than 5.0 µm, because a crack could nucleate from the starting edge for the specimen with defect size of 18.5µm, which was introduced by polishing with an emery paper of #1500. In case of laser spot radius of 0.4 mm, the stress intensity factor was larger than the fracture toughness even if the crack size was small and about 2 µm. The stress intensity factor increased with increasing crack length up to 0.1 mm and then decreased. However, the stress intensity factor was still lager than the fracture toughness, even if the crack tip reached to the laser spot position. Therefore, it is found that a crack can be easily nucleated when the laser beam spot radius is small. On the other hand, once a crack nucleates, a crack will propagate rapidly and sometime pass over the laser spot, which may lead unstable crack propagation. Arresting of the crack propagation after crack nucleation is an important technique for laser cutting of the specimen without a starter notch, which will be one of future studies.
Summary
A laser cutting method for brittle materials has been studied experimentally as well as analytically by using a soda-lime glass. In case of the specimen with a starter notch, crack propagated and followed behind a laser spot. However, the crack path was swerved from the laser scanning path when the laser scanning direction was changed. Stress intensity factor for the maximum tangential stress, K θmax , was a dominant parameter on crack growth behavior. Crack path can be controlled by controlling stress distribution ahead of the crack tip by applying the twin beam technique. Crack nucleation behavior was also studied by using a specimen without a starter notch. Surface roughness at a specimen edge affects on crack nucleation and propagation behavior. Crack could nucleate and propagate from the starting edge for the specimens with defects introduced by polishing with emery papers. However, it was difficult to nucleate a crack from the starting edge for the specimens with small defects introduced by polishing with alumina powders. Morphology of laser cutting surfaces for the specimens polished by emery papers looked similar to that with a starter notch. According to the results of FEM analysis and the experiments, the critical defect size for crack nucleation is considered to be in the range of 5.0 ~ 18.5 µm for the material used under the present condition of laser irradiation. Small laser spot radius, which induces a steep thermal stress distribution, can easily nucleate a crack from the starting edge of the specimen polished very fine like a free defect, but it also induces unstable crack propagation immediately after crack nucleation.
